Spin-dependent photon echoes in combination with pump-probe Kerr rotation are used to study the microscopic electron spin transport in a CdTe/(Cd,Mg)Te quantum well in the hopping regime. We demonstrate that independent of the particular spin relaxation mechanism, hopping of resident electrons leads to a shortening of the photon echo decay time, while the transverse spin relaxation time evaluated from pump-probe transients increases due to motional narrowing of spin dynamics in the fluctuating effective magnetic field of the lattice nuclei.
Understanding the charge and spin dynamics in condensed matter is essential for the development of novel spintronic devices in which the combination of charge transport with ultrafast spin initialization using optical pulses can be exploited [1] [2] [3] [4] [5] . In semiconductors, conduction band electrons which are localized on donor atoms or potential fluctuations, demonstrate long spin relaxation times due to suppression of spin-orbit effects [6] . On the other hand, hopping of electrons between localization sites or spin transfer between electrons due to exchange interaction may become relevant and govern the spin dynamics [7] . The importance of hopping of conduction band electrons was manifested in studies on optical orientation and spatial diffusion of spin gratings where it was used to uncover the spin relaxation mechanism of electrons [8, 9] . Transport effects such as the spin Hall effect in the hopping conductivity regime may occur in disordered two-dimensional systems which have attracted recently significant attention [10] [11] [12] . However, previous studies focused on the macroscopic properties of large ensembles, preventing insight into the local dynamics on the sub-µm scale. Access to microscopic spin and charge dynamics has remained challenging also because the down-scaling of an experiment down to the level of single carrier spins diminishes the correlations between quasi-particles. Therefore, the development of new approaches for the investigation of the microscopic charge and spin properties in large ensembles are in high demand.
Time-resolved optical techniques allow one to access the spin dynamics of both photoexcited and resident carriers [1, 13] . Using them, one typically detects the macroscopic polarization of an ensemble of spins with a nonzero ensemble average, which was induced by a circularly polarized laser pulse due to optical orientation of excitonic complexes. The most prominent examples for such techniques are polarized photoluminescence [14, 15] and pump-probe Faraday/Kerr rotation [16] [17] [18] . Recently, a novel technique based on spin-dependent photon echoes was introduced which potentially is well suited to investigate the spin dynamics of resident carriers in semiconductors [19] [20] [21] . The unique feature of photon echoes is the reversal of dephasing processes in an ensemble of emitters with an inhomogeneous broadening of optical transitions [22] . Thereby, echo techniques provide access not only to the homogeneous linewidth of the optical transition, but also show exceptionally high sensitivity to spectral diffusion, e.g. due to energy relaxation or resonance frequency variation [23] . However, this approach has not yet been applied to resident carriers so far.
In this letter we demonstrate that using spindependent photon echoes in combination with pumpprobe Faraday/Kerr rotation we can monitor the local spin dynamics of resident electrons and measure the hopping rate between the localization sites which so far had remained a free parameter in model descriptions. We evaluate hopping times in the order of several to tens of ns at low temperatures for electrons with a low density of 10 10 cm −2 in a CdTe/(Cd,Mg)Te quantum well (QW). If hopping is suppressed, both techniques give the same decay time of the coherent signal, which corresponds to the transverse electron spin relaxation. When the hopping rate, on the other hand, becomes comparable to the spin relaxation rate the photon echo decay is accelerated. By contrast, in pump-probe the decay time increases due to motional narrowing in the fluctuating effective nuclear magnetic field, enhancing the spin coherence. In full accord with the developed theoretical model the hopping rate increases with increasing temperature while it decreases in the limit of stronger localization, e.g., when electrons are bound to donors as compared to electrons localized on potential fluctuations. Schemes of pump-probe (a) and four-wavemixing (b) experiments including sketch of the investigated CdTe/(Cd,Mg)Te QW structure. The angle of Kerr rotation θKR or ellipticity is used to detect Sz(t). (c) Spectral dependence of photoluminescence intensity and amplitude of longlived signals measured using Kerr rotation and photon echo. B = 0.25 T, T = 1.5 K.
a (100)-oriented GaAs substrate by molecular-beam epitaxy. The unavoidable background of impurities results in low density resident electrons that are localized both on potential fluctuations and on donors in the QW [21] . This is confirmed by the photoluminescence (PL) spectrum shown in Fig. 1(c) , which shows three optical transitions that are attributed to the neutral exciton (X 0 ) centered at photon energy 1.6008 eV, the negatively charged excitons (trion X − ) at 1.5981 eV and the donor-bound excitons (D 0 X) at 1.5972 eV in accord with Refs. [21, 24] . The sample was mounted in the variable temperature insert of a magneto-optical cryostat with the superconducting coil oriented for the Voigt geometry with the magnetic field B normal to the optical axis and parallel to the sample plane (B x). We studied the spin dynamics of resident electrons using time-resolved Kerr rotation (KR) and transient four-wave mixing (FWM). In both experiments resonant excitation of the exciton complexes was obtained with a tunable self-mode-locked Ti-Sapphire laser as source of optical pulses with spectral width of 0.9 meV and duration of 2 − 3 ps at a repetition rate of 75.75 MHz. The optical pulses applied in each scheme have all the same central photon energy ω (degenerate configuration) and hit the sample close to normal incidence with wavevectors k i , where i = 1, 2, 3 is the pulse number in the sequences in Figs. 1(a) and 1(b). The excitation spot diameter was about 200 µm and the pulse powers were kept low enough to remain in the linear regime with respect to single pulse excitation. Further details on the KR and FWM experimental setups can be found in Refs. 25 and 26. In the KR experiment a circularly-polarized pump pulse creates a macropscopic spin polarization of resident electrons along the z-axis, with z being the sample normal [17, 18] . In the external magnetic field the electron spins precess in the yz-plane with the Larmor precession frequency Ω L = g e µ B B/ , where g e is the electron g factor, µ B is the Bohr magneton, and is the reduced Planck constant. The z component of the ensemble averaged spin density, S z , is detected by the spin-Kerr and ellipticity effects, which result in corresponding variations of the polarization of the reflected, linearly-polarized probe beam, see Fig. 1(a) . Scanning the delay time t between the pump and the probe allows us to measure the spin dynamics of the macroscopic spin polarization and to determine both frequency Ω L and decay time T * 2,KR by fitting the experimental data with
In the transient FWM experiment a sequence of three laser pulses is used to generate a coherent optical response along the phase matching direction k FWM = k 3 + k 2 − k 1 , where in our case k 2 = k 3 [27] . Due to inhomogeneous broadening of the optical transitions this response is given by photon echoes (PEs). Here we focus on the 3-pulse PE, which appears at the delay time t PE = 2τ 12 + τ 23 relative to the arrival time of pulse 1, where τ ij is the delay time between pulses i and j. For resonant excitation of X − or D 0 X complexes, see Fig. 1(c) , PEs appear even for long delays, decaying on the time scale of several ns when τ 23 is scanned, Fig. 2(a) . This decay time is significantly longer than the lifetime of the optical excitations below 100 ps [21] . Here, the pulse 1-2 sequence orients the spins of each resident electron depending on the excitonic resonance frequency ω 0 and the delay time τ 12 . As a result, a spin grating in coordinate and frequency space is formed
for orthogonally linearly polarized pulses 1 and 2 with the in-plane components of the wavevectors k 1, and k 2, , respectively. The spin grating is retrieved optically with the third pulse, which induces the 3-pulse PE [20] . The time evolution of the grating distribution (1) before the arrival of pulse 3 is characterized by the electron Larmor precession and the decay of the spin grating proportional to cos (Ω L t) exp(−τ 23 /T * 2,PE ). In contrast to the established transient spin grating technique [3, 9] , where τ 12 ≈ 0, the spin-dependent PE appears when ∆ω 0 τ 12 ≫ π with ∆ω 0 being the spectral width of the addressed optical transitions. Therefore, the PE signal is very sensitive to spectral diffusion of the resident electrons, which is important in the hopping regime. Variation of the delay time τ 23 allows one to extract Ω L and T * 2,PE using the above form for fitting, similar to KR. Note that we measure the absolute value of the electric field amplitude at the PE peak maximum and, therefore, the signal is described by the modulus of the oscillatory function, as shown in Fig. 2(a) [26] .
The spectral variation of the signal amplitudes of the resident electron relaxation dynamics are shown in Fig. 1(c) . In contrast to PE, where long-lived signals are observed only for resonant excitation of X − and D 0 X, long-lived KR signal is present also for resonant excitation of neutral excitons, because even in a degenerate pump-probe experiment excitation and detection of spin polarization may be performed at different optical transitions. First we concentrate on the resonant excitation of trions, where the differences in relaxation times between the KR and PE results are most pronounced. The KR and PE transients are shown in Fig. 2(a) . Both signals contain additional contributions from the spin dynamics of optically excited carriers with short response times below 100 ps. Here, we concentrate on the longlived spin dynamics, which is contributed only by resident electrons. One expects to observe the same relaxation behaviour in KR and PE, as the decay is governed by spin dephasing of the electron ensemble, i.e. T * 2,PE = T * 2,KR . Indeed, the Larmor precession frequencies at B = 0.2 T are the same, Ω L = 28.1 rad/ns, in both cases. However, the decay times are surprisingly different. For KR we obtain a notably longer time T * 2,KR = 5.1 ns as compared to the shorter PE decay time T * 2,PE = 2.9 ns. Spin dephasing in transverse magnetic field can result from the spread of electron g factor ∆g e [25] . To account for this contribution, we measured the KR and PE signals for different magnetic fields and evaluated the dependences of Ω L and dephasing times on B. Both methods give identical B−linear dependencies of Ω L , from which we obtain |g e | = 1.60, in agreement with previous reports [21, 25, 28] . Details are given in the Appendix A.
The magnetic field dependencies of the decay rates 1/T * 2,PE and 1/T * 2,KR are plotted in Fig. 2 (b). Both show a linear rise with increasing magnetic field and can be described by 1/T * 2,k = 1/T 2,k +∆g e µ B B/ (k is KR or PE), with the same slope corresponding to ∆g e = 9 × 10 −3 . This confirms that the KR and PE signals are provided by the same sub-ensembles of resident electrons. However, the relaxation times T 2,KR 20 ns and T 2,PE ≈ 4 ns are drastically different. The drastic difference of the PE and KR decay times is related to the specific impacts of the localized electron dynamics on the coherent response, as sketched in Fig. 3 . Hopping of electrons between localization sites destroys the spin grating in Eq. (1): Once an electron leaves its initial site and arrives at a site with different location r and frequency ω 0 , it no longer contributes to the PE signal. However, it continues to contribute to the KR signal provided that spin is conserved during the course of hopping, since hopping does not change the macroscopic spin polarization and the variation of energy ∆E hop ∼ k B T is small compared to the spectral width ∆ω 0 . We emphasize that the electron displacement by hopping is small and therefore the spectral diffusion plays decisive role in the decay of PE signal. In our QW the electron spin coherence is controlled by the hyperfine coupling with nuclear spins [6, 30] . If the hopping processes, characterized by the electron spin correlation time at the localization site τ c , are efficient such that the electron spin precession rate in the field of nuclear fluctuations Ω 2 N is small, Ω 2 N τ c 1, macroscopic spin relaxation in the ensemble takes place after several hops only with a rate given by T −1 [29, 31] due to the effect of motional narrowing. By contrast, the PE decays with the time constant ∼ τ c independent of the spin relaxation mechanism, resulting in T 2,PE ∼ τ c ≪ T 2,KR , in agreement with our findings. The microscopic theory based on the kinetic equation for the spin distribution function in the Appendix B gives the following expressions for the decay times c . The strength of localization governs the hopping rate of the resident electrons. Therefore, it is possible to address different hopping regimes by optical excitation of D 0 X and X − , i.e. electrons bound to donors (stronger localization) or electrons localized on potential fluctuations (weaker localization), respectively. Furthermore, an increase of temperature will lead to an increase of hopping rate. Consequently, the difference between the relaxation times T 2,KR and T 2,PE should become even more pronounced. In order to test this conjecture, we have studied the spectral and temperature dependences of T * 2,KR and T * 2,PE at B = 0.2 T, Fig. 4(b) . First, we observe that for resonant excitation of D 0 X (1.5972 eV) at T = 1.5 K the relaxation times T * 2,KR and T * 2,PE are identical with a value of 4 ns. This is due to the stronger localization of donor bound electrons and therefore the regime of Ω 2 N τ 2 c ≫ 1 is realized in this case [8, 30] . Here, the electron spin is lost efficiently at a given donor via the hyperfine coupling and, consequently, hopping is unimportant so that T * 2,PE = T * 2,KR . Excitation with a larger photon energy addresses electrons with weaker localization and consequently T * 2,KR increases while T * 2,PE decreases, in accordance with our predictions. Second, a temperature increase leads to a similar behavior, which also excludes a possible origin of the τ c behavior in the exchange interaction between the resident electrons, because it should be largely independent of temperature. Using the theoretical results in Fig. 4(a) we determine the hopping time of electrons localized on potential fluctuations to be τ c ≈ 5 and 2 ns for T = 1.5 and 6 K, respectively. For electrons bound to donors we observe hopping only at T = 6 K with τ c ≈ 5 ns and δ e ≈ 0.1 ns −1 . In conclusion, we have demonstrated that spindependent photon echoes represent a powerful tool to access directly the local spin and charge dynamics of resident carriers in semiconductors. Our findings allow one to determine the key transport parameter of a localized system, the hopping rate τ c by purely optical means thereby bridging the gap between optical and transport spectroscopy. The electron spin correlation time τ c directly controls the dynamical nuclear polarization induced by the hyperfine interaction [6, 14] , opening up prospects to optimize nuclear spin memories by tailoring electron localization. Finally, we observe suppressed hopping of donor bound electrons at low temperature of 1.5 K where the spin relaxation of the ensemble takes place in the fluctuating nuclear fields. This suggests that the decay of spin-dependent photon echo from donor bound excitons can be further extended by several orders of magnitude using spin echoes which is attractive for applications in quantum communication.
We The following experimental techniques can be used to evaluate the g factor of resident electrons: Time-resolved Kerr rotation (KR), resonance spin amplification (RSA) and 3-pulse spin dependent photon echoes (PEs). The first and third technique are described in detail in the main text. Resonant spin amplification exploits an accumulative phenomenon, which results in enhancement of the pump-probe KR amplitude when the repetition rate of the exciting laser pulses 1/T R corresponds to a multiple of the Larmor precession frequency Ω L /2π in case the spin dephasing time T * 2,KR exceeds the pulse repetition period T R significantly [32] . In our case T R = 13.2 ns and, therefore, the latter condition is fulfilled. Typically, the RSA signal is measured by scanning the magnetic field and thereby tuning Ω L , and detecting the KR signal at a fixed small negative delay time right before the pump pulse arrival. Thus, while KR and PE transients capture the spin dynamics occurring subsequent to spin initialization, the RSA signal reflects the accumulated signal, which is result of excitation with a periodic sequence of optical pulses. Here, we compare the results of all three methods and their spectral dependences.
Transient KR and PE signals are shown in Figs. 5(a) and 5(b), respectively, recorded in both cases for three different photon excitation energies. The difference between the Larmor precession frequencies for resonant excitation of X − and D 0 X complexes is well pronounced. This difference originates from the difference in the g factor of resident electrons localized in potential fluctuations and bound to donors [21] . Figure 6 shows signals obtained in RSA measurements. The separation between neighboring RSA peaks corresponds to ∆B = 2π /g e µ B T R , from which the g factor of resident electrons can be as well extracted. Ad- ditionally, the halfwidth of the peaks at half maximum B 1/2 = /g e µ B T RSA allows us to determine the transverse spin relaxation time T RSA . Interestingly, according to Fig. 6(a) , the position of all peaks and consequently the g factor of the resident electrons are independent of the excitation photon energy ω. Also, the spin relaxation time shows no spectral dependence and is constant at a value of about 20 ns, as shown in Fig. 6(b) . This is in contrast to time-resolved measurements of KR and PE, see Fig. 4(b) in the main text.
The results of the g factor measurements are summarized in Fig. 7 . The absolute value of the g factor can be determined with high precision from a linear fit to the magnetic field dependence of the Larmor precession frequency. This allows us to minimize the error related to the uncertainty in setting the value of the external magnetic field. The results evaluated from KR and PE transients for resonant excitation of D 0 X and X − are shown in Fig. 7(a) . Taking into account that the electron g factor is negative (see, e.g., Ref. [33] ) we obtain g e,f = −1.60 and g e,D = −1.57 for the resident electrons localized on potential fluctuations and bound to donors, respectively. The accuracy of this evaluation is better than 0.5%. We do not compare here the absolute values of g e with the RSA data because the RSA scans were performed at low magnetic fields where the measurement accuracy of the absolute value of the magnetic field is quite low resulting in a too large error (about 5%). The dependence of the g factor on photon energy ω can be extracted also with high precision for a fixed external magnetic field strength. In this case we are sensitive to relative changes of the g factor and therefore the results are normalized by g 0 which corresponds to the magnitude of g e measured by each of the methods at 1.597 eV. These results are shown in Fig. 7(b) . The spectral dependencies from KR and PE are very similar. It follows that the g factor increases by about 2% when the photon energy is tuned from the D 0 X to the X − resonance. This is in accordance with the g factor values evaluated from the magnetic field dependencies in Fig. 7(a) . In contrast, as mentioned RSA does not reveal any spectral dependence of the g factor. Such a behavior can be related to different spin dephasing times for electrons bound to donors and electrons localized on potential fluctuations. The RSA signal from the resident electrons with longest time is the most pronounced. In addition, spin transport between the two different types of localization sites can cause a flattening of the g factor spectral dependence in the RSA measurements. The transport can occur due to hopping of carriers between the localization sites, due to diffusion, or due to exchange interaction between carriers. We consider an ensemble of resident electrons localized on random fluctuations of the quantum well potential caused by interface imperfections, as well as by the presence of donors both in the barriers and in the well. Let ε be the electron energy and D(ε) be the density of (localized) states related to disorder. We assume that the incident photons result in the formation of three particle complexes consisting of two electrons and a hole, i.e. of negatively charged trions or donor-bound excitons. Due to the potential fluctuations the energy of the complexes ε 3 also fluctuates. As a result, the energy of the optical transition defined by the difference of the three-particle complex energy and the electron energy
fluctuates as well. Therefore, the incident optical pulses with a certain spectral width excite a broad distribution of localized states. Thus, after initialization with two cross-linearly polarized laser pulses (e.g. in a HV sequence where H and V correspond to horizontal and vertical polarization, respectively, as shown in Fig. 1(b) of the main text), the spin density is energyand coordinate-dependent, so that a spin grating is formed [19] [cf. Eq. (1) of the main text]:
Here the S 0 α (ε, r) (α = y, z) are the initial distributions of the electron spin components, and f (ω 0 ) is the function which determines the spectral distribution of the excited spins (this function is omitted for brevity in Eq. (1) of the main text): It is given by the spectral function of the laser pulse if in comparison the inhomogeneous broadening is larger, or by the inhomogeneity of the system if the inhomogeneous broadening is smaller than the spectral width of the pulses. Note that in Eq. (B2) the resonance frequency ω 0 depends on the electron localization energy ε via Eq. (B1), and the electron Larmor precession frequency Ω L also depends on ε due to the energy dependence of the g factor [34] . We recall that τ 12 is the time delay between the first two pulses, k 1, and k 2, are the in-plane components of the wavevectors of the first and the second pulse. In the derivation of Eq. (B2) we disregarded the nuclear field fluctuations which are characterized by the Larmor precession frequency Ω N , assuming that
Our system is strongly inhomogeneous, therefore no average macroscopic spin polarization is formed. After the time delay τ 23 , the third V-polarized pulse arrives with in-plane wavevector k 2, , creating interband coherence which rephases exactly at the time delay τ 12 after the third pulse. The photon echo signal is detected along the direction 2k 2, − k 1, . For a sufficiently wide distribution of resonance frequencies the induced polarization can be recast as:
It follows from Eqs. (B2) and (B4) that the temporal evolution of the photon echo signal is determined by the evolution of the initial distribution (B2). This evolution can be related to the following effects:
1. Spin dephasing in the ensemble through the inhomogeneous spread of the electron g factor and the corresponding spread of Ω L .
2. Spin dynamics at a given localization site, i.e., spin precession in the field of the nuclear fluctuations or spin flip due to the electron-phonon interaction.
3. Electron motion in real space, i.e., electron diffusion resulting in decay of the cos ω 0 τ 12 + k 2, r − k 1, r factor in Eq. (B2) due to its coordinate dependence.
4. Electron diffusion in energy space resulting in variation of ε and decay of the factor cos ω 0 τ 12 + k 2, r − k 1, r in Eq. (B2) due to the ω 0 (ε) dependence in Eq. (B4) and the corresponding dependencies of the electron g factor and Larmor frequency Ω L on ε as well; exchange-interaction induced two-electron flip-flop processes [29] also result in temporal variation of Eq. (B2).
5. Additionally, electron spin precession during the course of hopping between localization sites [38, 39] also results in the evolution of S(ε, r; t).
Thus, any process resulting in decay of the spin grating results in a decay of the PE signal. Below we provide a microscopic model of the decay of the spin grating due to electron hopping processes in the presence of hyperfine interaction with nuclear spin fluctuations.
Dynamics of the spin grating
The kinetic equation for the spin density S ≡ S(ε, r; t) reads
Here we characterize the electron localization site by two parameters, its coordinate r and its site energy ε. Accordingly, the electron spin precession frequency is determined by two contributions: Ω N (ε, r) due to the nuclear spin fluctuations and Ω L (ε) = g e (ε)µ B B/ due to the Zeeman splitting in the external magnetic field, where g e (ε) is the electron Landé factor, which is assumed to depend only on the electron localization energy. The collision integral Q{S} describes the electron jumps both in real and energy space,
with w(ε ′ , r ′ , ε, r) being the probability per unit time of electron hopping from the site ε, r to the site ε ′ , r ′ ,
where T is the lattice temperature and k B is the Boltzmann constant.
The spin relaxation at a given site via, e.g., electronphonon interaction can be taken into account by including an additional term −S/τ s on the right-hand side of Eq. (B5). Estimates show that the electron-phonon interaction manifests itself only at much higher magnetic fields than applied here and therefore can be neglected [6] . In derivation of Eq. (B5) we disregarded the electron spin precession during hopping between localization sites and the exchange interaction between the electrons. Thus, we consider the hyperfine interaction as the sole source of electron spin relaxation in our system.
As a rule, in systems with localized electrons a wide distribution of hopping probabilities exists [35] , leading to nontrivial spin dynamics [36, 37] . The description of these effects goes far beyond the scope of the present paper and we use instead a simplified form of the collision integral characterized by a single correlation time τ c , which allows us to obtain an analytical solution for the spin dynamics [6, 31] :
Here the integration is carried out over the stripe of energies with width ∆E hop ∼ k B T involved in the hopping process, ε ′ ∈∆E hop dε ′ D(ε ′ ) = 1, see Fig. 8 . Note that the coordinate dependence of the spin distribution function S can be omitted: Our estimates show that the product k FWM ∆r, where ∆r is the electron displacement by one hopping event, is negligibly small. Thus, only energy diffusion and hyperfine interaction are important for decay of the photon echo signal.
We also assume that the condition (B3) is fulfilled, thus we neglect the nuclear spin fluctuations transverse to the external magnetic field. Hence, the pseudovector kinetic equation (B5) can be reduced to a scalar equation for the function S + (ε, r) = S y (ε, r) + iS z (ε, r), namely:
, is proportional to the spin distribution generated by the first two pulses, and we take into account that τ 23 ≫ τ 12 which allows The pump pulse excites rather a wide distribution of electrons with spectral width ∼ /τp ∼ 1 meV, where τ pulse is the pulse duration. Hopping occurs within much narrower energy ranges ∆E hop ∼ kBT ∼ 0.15 meV at T = 1.5 K.
us to assume that the initial spin distribution is formed instantaneously compared to the time scale of its further evolution.
We present the solution of Eq. (B8) under the additional simplification that the variation of the electron g factor within the hopping energy range ∆ε is negligible:
Thus, we neglect the variation of the electron spin precession frequencies in the external magnetic field during hopping and take into account the g factor spread, while calculating the photon echo decay by averaging over the Larmor frequency distribution. This assumption is confirmed according to the spectral dependence of the g factor obtained from experiment (Fig. 7) . Introducing the notation
and making use of the Fourier transform over time we arrive at the algebraic equation
which is readily solved with the result
Solving the self-consistency equation (B10) and averaging over random realizations of the nuclear fields we obtain
is the distribution function of the nuclear spin fluctuations, which are static on the time scale of the electron spin dynamics [6] . Using the explicit form of the distribution for a given component of the nuclear field
we obtain:
Here τ Ω = τ c /(1 − iΩτ c ). We also present the asymptotic expressions for the function A + Ω :
According to Eq. (B4) the photon echo signal is given by the convolution of S y (ε, r; τ 23 ) − iS z (ε, r; τ 23 ) and the function G + averaged over the nuclear fluctuations. Since the energy-averaged value of G + is equal to zero, only the second term in the numerator of Eq. (B12) contributes. As a result
where φ is the phase related to the spin initialization conditions. The spread of the electron g factors can be accounted for by averaging Eq. (B15) over the distribution of Ω L . The function A + Ω has a sharp peak at Ω ≈ Ω L so that in the vicinity of Ω ≈ Ω L it can be approximated by
thus P HVVH (τ 23 ) oscillates with the delay τ 23 as cos (Ωτ 23 − φ) exp (−τ 23 /T 2,PE ). After some algebra we obtain
see Eq. (2) of the main text. In the relevant limiting cases we obtain
Indeed, if δ e τ c ≫ 1 the spin is lost already at a given localization site due to the nuclei-induced spin precession with rate ∼ δ e and hopping is unimportant. We note that in this regime the spin decoherence is described by a Gaussian law and the above expressions provide a convenient analytical interpolation. In the motional narrowing regime, δ e τ c ≪ 1, the photon echo decays with the rate ∼ 1/τ c , in agreement with the qualitative analysis.
Kerr rotation dynamics
The model developed above can be also used to describe the time-resolved Kerr rotation signal. In this case a macroscopic, i.e. on average non-zero, spin polarization is generated. The dynamics of the Kerr rotation signal is given by the Fourier transform of the total spin S t in Eq. ( 
with the following asymptotes 1 T 2,KR ≈ √ πδ e /2, δ e τ c ≫ 1, δ 2 e τ c /2, δ e τ c ≪ 1.
(B21) Naturally, for long correlation times, τ c δ e ≫ 1, both Kerr rotation and photon echo signals decay with the same rate because the electron spin is lost before the electron hops. By contrast, for short correlation times, τ c δ e ≪ 1, the motional narrowing results in a significant slow-down of the Kerr rotation decay as compared with the decay of the photon echo.
Note that in order to include the spread of the electron g factor values it is sufficient to average Eqs. (B15) and (B19) over the distribution of g e , under the condition (B9). Roughly this corresponds to the replacement where ∆g e is the characteristic spread of the g factor values. We also note that for strong electron-electron exchange interaction the correlation time τ c can be controlled by the exchange interaction between neighboring occupied localization sites. The correlation rate can be estimated in this regime as 1/τ c ∼ J/ , where J is the exchange constant, and does not depend on temperature [29] . In this regime the above expressions hold, however, the strong temperature dependence of T observed in the experiments, see Fig. 4 of the main text, rules out the exchange interaction as origin of the observations. Also, if phonon-induced spin relaxation at a given site were important, it would affect T 2,PE and T 2,KR in the same way.
Details of numerical calculation
Although Eqs. (B17) and (B20) provide analytical expressions for the decay times of the signals, they become, strictly speaking, invalid at τ c → ∞ due to the Gaussian decay of the signals. In this case, the pole approxima- rotation) . In the motional narrowing regime δ e τ c ≪ 1 we recover the same asymptotes as in Eq. (B18) and (B21). For δ e τ c ≫ 1 we have the same decay rates for the photon echo and Kerr rotation, δ e (within 12% of the analytical result). In the numerical calculations shown in Fig. 4 of the main text we have also included the g factor spread.
